ABSTRACT: Due to the cost and time required for species identification, the taxonomic sufficiency approach has been developed in order to detect community response to a disturbance, using high taxonomic level without great loss of information. This concept has been widely applied to pollution monitoring studies but rarely to other forms of perturbations such as anthropogenic exploitation of marine resources. We applied this method both to soft-bottom (seagrasses) and hard-bottom (coralline) tropical invertebrate communities in New Caledonia, South Pacific. The objective was to test whether intermediate or high taxonomic levels (genus, family, class or phylum instead of species) are good descriptors of community patterns and changes in assemblages related to harvesting, by comparing harvested to non-harvested areas for the 2 habitats. We pooled species data into coarser taxonomic categories (from genus to phylum) and showed that matrices at different taxonomic resolutions were highly correlated, particularly for genus and family level for both habitats. Differences between harvested and non-harvested locations appeared to be clearly habitat-dependent; for soft habitats, genus and family resolution allowed the detection of changes between exploited and protected assemblages, while for hard habitats, the separation between harvested and non-harvested areas was less clear at high taxonomic level and required species-level identifications. These results suggest that the taxonomic sufficiency approach could be carefully applied to poorly known environments. Family level is a good descriptor of community composition for tropical reef invertebrates. Detecting changes due to anthropogenic exploitation requires different taxonomic resolutions depending on the considered habitat.
INTRODUCTION
Identifying the species that constitute a community is a general first step in conservation biology. Yet, for marine benthic invertebrates, monitoring plans require time, skills (Ferraro & Cole 1995) , and extensive knowledge about the local fauna (Warwick 1988) . For example, in monitoring the effectiveness of marine protected areas (MPAs), several biological indicators based on species richness, densities and biomasses are usually recommended but others are more synthetic and pertinent parameters exist. One of them is the taxonomic sufficiency (TS) approach, developed to improve cost-effectiveness when describing spatial patterns (Ellis 1985) , in particular for disturbancerelated changes in benthic communities (Somerfield & Clarke 1995) . This method uses coarser taxonomic levels when performing community comparisons, instead of species level. Several papers have addressed the validity of TS in marine ecosystems (Warwick 1988 , Ferraro & Cole 1990 , 1992 , Gray et al. 1990 , Warwick & Clarke 1993 , Somerfield & Clarke 1995 , Karakassis & Hatziyanni 2000 . As well as a reduced need for taxonomic expertise, expected benefits include the removal of ecological redundancy attributed to the use of multiple species, when loss of information has no significant effect (Gray et al. 1988 , Warwick 1988 , 1993 . Despite its increasing popularity on impact assessment, TS is still controversial (May 1990 , Maurer 2000 , in particular in the context of a global decline of taxonomic resources and species knowledge (Scheltema 1996 , Boero 2001 .
Most studies using TS were in marine benthic habitats, including temperate soft-bottom benthic communities such as coastal gravel and sandy beaches (James et al. 1995 , Somerfield & Clarke 1995 , Vanderklift et al. 1996 , Olsgard et al. 1998 , Baldo et al. 1999 , Rumohr & Karakassis 1999 , Gomez-Gesteira et al. 2003 , Thompson et al. 2003 , Defeo & Lercari 2004 , lagoons (Lardicci & Rossi 1998 , Mistri & Rossi 2001 , Arvanitidis et al. 2009 ), estuaries (MacFarlane & Booth 2001 , Roach et al. 2001 , De Biasi et al. 2003 or deep-sea environments (Narayanaswamy et al. 2003) . Hard-bottom systems have also been studied, e.g. rocky shores (Juanes & Canteras 1995 , Urkiaga-Alberdi et al. 1999 , Pagola-Carte et al. 2002 , Terlizzi et al. 2002 , Anderson et al. 2005 ) and other temperate, coastal environments (Chapman 1998 , Terlizzi et al. 2003 .
These studies usually showed that analyses at higher taxonomic levels (most of the time family instead of species) do not necessarily result in a significant loss of information, and tend to better reflect perturbation gradients than those based on species abundances (Olsgard et al. 1997) . This is especially true within pollution-related gradients, where the response of the assemblages is usually more evident at higher taxonomic levels (Warwick 1988 (Warwick , 1993 ). Yet, the use of coarser taxonomic resolution may not perform as well in different disturbance contexts. To date, only one study specifically investigated the performance of the TS approach on other types of disturbance (e.g. invertebrate exploitation), comparing rocky-shore communities in exploited and protected areas at different taxonomic resolutions (Lasiak 2003) . Lasiak (2003) found that even though the data matrices at different taxonomic resolutions were strongly correlated, clear, significant differences between exploited and non-exploited assemblages only occurred at species level. In the latter case, anthropogenic exploitation changed the assemblages in a different way as it was essentially targeting a single group, the molluscs (Bigalke 1973 , Lasiak 1992 , therefore, resulting in differences in abundance rather than in species composition (Lasiak 1998) .
In addition, the efficiency of TS may also vary depending on the objectives of the study, sampling protocol, statistical design and data transformation. In fact, comparisons of impacted and non-impacted assemblages require decisions about the level of taxonomic resolution to which organisms are identified as well as the transformation of data prior to statistical analysis. The effects of data transformation can be as important as the taxonomic level to which organisms are identified (Clarke & Green 1988 , Olsgard et al. 1997 , Legendre & Gallagher 2001 , Anderson et al. 2005 . In multivariate analyses, the raw data transformation thus determines the aspect of the assemblage that is emphasised and can affect the outcome of analyses, in particular when data are aggregated at higher taxonomic levels (Olsgard et al. 1998 , Karakassis & Hatziyanni 2000 . When raw (untransformed) data are used, the focus is only on common taxa, while when severe 4th-root transformation is used, as recommended by Field et al. (1982) , the focus shifts to all of the species constituting the assemblage (Clarke & Warwick 1994 ).
In the tropics and coral reef environments, data supporting the TS approach remain scarce and concern changes in soft-bottom macrofauna due to pollution in coastal embayments (Agard et al. 1993) , coastal and deep continental shelfs (Guzman & Garcia 1996 , Guzman-Alvis & Carrasco 2005 , estuaries (Torres Mendes et al. 2007 ) and subtidal environments (Gray 2002) . No studies specifically addressed the efficiency of TS on tropical hard-and soft-bottom communities in the context of MPA management.
The main objective of the present study was therefore to assess how decisions about taxonomic resolution and data transformation influence (1) the ability to accurately describe community structure and composition, and (2) the efficiency in detecting differences between exploited and non-exploited tropical invertebrates communities, in contrasted (hard vs. soft) reef environments. It was expected that this pilot study would provide results and recommendations to detect and measure particular anthropogenic perturbation of tropical scarcely known invertebrate assemblages.
MATERIALS AND METHODS
Study area. This study was carried out in New Caledonia, southwest Pacific (166°E, 22°S), characterised by a large lagoon covering an area of 19 000 km 2 , with numerous patch reefs, islets and fringing reefs. In New Caledonia, coastal and islet reef flats have been subjected to human exploitation for centuries, mainly through traditional reef-top gathering. Fishing pressure increased in the last few decades due to the growing urbanisation around Noumea city (Fig. 1) . To conserve biodiversity and to sustainably manage marine resources in the New Caledonian lagoon, MPAs were implemented in the 1990s, mainly located in the southwest lagoon around Noumea. In this zone, intertidal reef flats cover 13% of the area, where invertebrate harvesting (i.e. collecting) activity is essentially noncommercial (Baron & Clavier 1992) . Harvesting invertebrates traditionally occurs at low tide when intertidal fauna is accessible. Yet, few quantitative data are available on the spatio-temporal dynamics of harvesting activities and their impact on reef benthic communities.
Eight stations were chosen in the southwest lagoon around Noumea (Fig. 1) ; 4 of them are exploited stations, and the other 4 stations are non-exploited (MPAs). In addition, interviews with harvesters allowed us to estimate the annual harvesting pressure on coastal and islets reef flats (Table 1) .
Habitat characteristics. Our chosen intertidal stations are subject to semi-diurnal tides (with maximum amplitude of 1.8 m) and oriented in front of a general hydrodynamic flow (from southeast to the northwest current). Two contrasted habitats (i.e. biotopes) were considered: hard-bottom and soft-bottom environments, with different harvested species (H. Jimenez unpubl. data). The description of coral reef habitats was assessed by a photographic method allowing quantitative estimation of percentage covers of different benthic categories (see Dumas et al. 2009 ). The soft-bottom habitat was mainly characterised by the seagrasses Cymodocea serrulata and Halodule uninervis (~62%), green (genera Halimeda, Ulva, Codium) and brown (Padina sp., Sargassum spp., Turbinaria ornata) algae (~22%) and sand (~16%). The hard-bottom habitat was essentially made up of dead corals, boulders or debris (~82%), encrusting algae (~13%), some live corals (~4%) and sponges (~1%). Benthic assemblages from these habitats were compared between harvested and non-harvested sites (Table 1) . Faunal sampling. Field studies were conducted in summer 2009, during 8 successive days in March. Intertidal macrofauna and megafauna assemblages (excluding nematodes, bryozoans, flatworms and nemerteans) were sampled during low tides when invertebrates were the most accessible, in the following 2 ways:
(1) Soft-bottom macrofauna was sampled by sieving sand and seagrasses on 5 randomly placed replicates per station accounting for a total of 20 samples. Grabs of 0.1 m 2 circumference pushed in 30 cm sediment depth were used; sand, seagrasses and associated fauna were removed with a shovel, immediately sieved on a 1 mm round mesh, fixed in 5% formalin and conserved in plastic bags. In the laboratory, all individuals coloured using Rose Bengal were separated from the sediment under a binocular microscope; counting and identification were then performed. All individuals were identified to the lowest possible taxonomic level, which in 85% of cases was species level.
(2) Hard-bottom fauna was sampled by hand along 5 randomly placed belt transects (20 × 2 m); all visible mobile and sessile epibenthic invertebrates (megafauna >1 cm) were collected, and later conserved frozen, in plastic bags. This method allows the sampling of visible and cryptic fauna encountered behind large tabular corals without disturbing the habitat.
Then identifications were done in the laboratory under a binocular microscope and individuals were conserved in 70% alcohol. All individuals were identified to the lowest possible taxonomic level, which in 95% of cases was species level.
Data analysis. The influence of taxonomic resolution and data transformation on the description of community composition was assessed. From the initial species and stations table, new data matrices were created by aggregating raw data at increasingly higher taxonomic levels (genus, family, class and phylum). The following transformations were applied to each resulting matrix: none, square root, 4th root, log (x + 1) and presence or absence. Consequently, 25 matrices were obtained for each habitat (see Table 2 ). These data were investigated using multivariate techniques, following 2 different steps. (1) Similarities based on Bray-Curtis coefficients were calculated between the data matrices at different taxonomic levels, using Spearman rank correlations with associated levels of significance (see RELATE procedures from Clarke & Ainsworth 1993) . The Rho statistic and the p-value indicate the similarity value and significance respectively of these correlations. (2) Multivariate ordination of MPA versus non-MPA replicates per station based on faunal variables was performed using non-linear multidimensional scaling (MDS) for each taxonomic level and data transformation. The adequacy of the spatial representation was assessed using a stress value considered correct when it is < 0.20 (see Clarke & Warwick 1994) . A 2-dimensional representation was generated for each habitat (soft vs. hard) from these 25 similarity matrices, using 'second stage' non-linear MDS procedures (see Somerfield & Clarke 1995 , Olsgard et al. 1997 .
Next, the ability to detect changes in community structure between harvested versus non-harvested areas was tested with multivariate analysis of similarities (ANOSIM). The R statistic gives the degree of separation of sites and the p-value indicates significance.
All data analyses were performed using PRIMER routines (Clarke & Warwick 1994) .
RESULTS

Species assemblages
In the 8 sampled stations from the 2 habitats, 6075 individuals belonging to 242 species were recorded. The fauna from soft-and hard-bottom habitats differed markedly, with only 17 common species in both habitats. Due to these clear differences between hard-214 Table 1 . Sampling stations (see Fig. 1 and soft-bottom assemblages, the following analyses were done separately. From the soft habitats, a total of 107 species, belonging to 76 genera, 55 families, 14 classes and 7 phyla were identified (Table 2) . Twenty species were harvested, representing 18.7% of the biodiversity and 18.9% of the abundances. Molluscs accounted for 34% of the collected individuals, followed by annelids (23%), echinoderms (21%), arthropods (11%) and other taxa (11%) (Fig. 2A) . The most speciose phylum was the molluscs, with 42% of the total species, followed by arthropods (21%) and annelids (20%). The most frequent species were the ophiurid Ophiactis savigny (Müller and Troschel, 1842) , the buried bivalves Gafrarium tumidum Röding, 1798 and Anadara scapha (Linnaeus 1758), the gastropod Phasianella variegata (Lamarck, 1822) and the worm Bhawania cryptocephala (Gravier, 1902) . They accounted for 34% of the total abundance, while 70% was represented by the top 21 dominant species ( Fig. 2A) . Among them, only the buried bivalves are commonly harvested species while the others are usually not targeted by fishers.
From the hard habitats, a total of 152 species belonging to 92 genera, 65 families, 13 classes and 5 phyla were identified (Table 2) . Twenty-seven species were harvested, representing 17.7% of the biodiversity and 21.2% of the abundances. Molluscs accounted for 54% of the sampled individuals, arthropods 34%, echinoderms 9% and the remaining taxa 3% (Fig. 2B) (Fig. 2B) . The first targeted species Trochus niloticus (Linnaeus, 1767) appears only at the 14th rank. In both habitats, invertebrate assemblages showed high diversity, and targeted species constituted a minor part of the community.
Influence of taxonomic resolution and data transformation
First, the invertebrate assemblage structures were compared at different taxonomic resolutions. The correlation between matrices at species level and higher taxonomic resolution was generally high; Spearman rank correlation ranged from 0.71 to 0.98 in softbottom habitats, and from 0.14 to 0.98 in hard-bottom habitats (Table 3) . These correlations decreased from genus to phylum, whatever the data transformation and habitat considered. On the whole, Spearman coefficients were highly significant (> 0.90) for genera and families except for presence-absence data. Correlation scores dropped down below 0.80 for class and phylum levels. The decrease was much stronger for hard-bottom data with increasing severity of data transformation.
The correlation patterns among matrices were visualised through 2nd stage MDS (Fig. 3) . A similar pattern was observed for soft-and hard-bottom macrofauna; a horizontal, taxonomic separation could be distinguished on the diagram with species, genus and family levels on the right side while class and phylum were located on the left. These 2 groups were significantly different in hard-bottom (ANOSIM: R = 0.745, p = 0.0001) and soft-bottom (ANOSIM: R = 0.774, p = 0.0001) habitats. In the same way, a vertical succession from raw (on the top) to severely transformed data (on the bottom) was clearly evident, whatever the taxonomic level considered. The same pattern was observed in the 2 habitats, with the exception of phylum taxonomic resolution in soft-bottom substrata. Stress values were correct (0.12 and 0.07 for soft-and hardbottom habitats respectively) corresponding to a good ordination of taxonomic resolution-data transformations pairs of matrices in a 2-dimensional space.
Next, changes mainly related to the exploitation of invertebrate assemblages were tested by comparing harvested to non-harvested areas at different taxonomic resolutions. Investigating the differences in species composition between assemblages from these areas emphasised much stronger differences in softbottom habitats, compared to hard-bottom habitats (ANOSIM ; Table 4 ). Yet in both cases the ability to discriminate between assemblages (harvested vs. nonharvested) decreased with levels of taxonomic aggregation and the severity of data transformation.
In soft habitats, differences between assemblages were significant at all taxonomic levels, except for presence-absence data at class and phylum levels. Significance decreased from species to phylum, along with data transformation (R-statistic values dropping down from 0.52 to 0.05). The corresponding MDS highlighted a clear distinction between harvested to non-harvested stations, with similar patterns at species, genus and family taxonomic levels (cf. Fig. 4) . The distinction became less clear for heavily transformed data ([log (x + 1)] and presence-absence). While nonharvested stations were close to each other, harvested ones constituted 2 separated groups, with Stn R located far from the other stations, highlighting the special feature of Stn R. Stress values ranged from 0.02 to 0.20, with a decrease from species to phylum emphasising lower discrimination at coarser taxonomic levels. In hard habitats, the distinction between harvested and non-harvested areas was significant at species, genus and family taxonomic resolutions for raw or roughly transformed data only. Significance decreased at high taxonomic resolutions, along with data transformation. For heavily transformed data (4th root, log (x + 1) and presence-absence), differences between assemblages from harvested versus non-harvested sites could thus be discerned only at fine (i.e. species) taxonomic resolution ( Fig. 5) with low R-statistic values but still highly significant (cf. Table 4 ). Compared to soft habitats, MDS plots showed rather fuzzy patterns for harvested versus non-harvested hard-bottom habitats. All stations were generally grouped, with harvested sites exhibiting higher dispersion. Stress values ranged from 0.00 to 0.21 and generally decreased from species to phylum, which enhanced the spatial representation at high taxonomic resolution.
DISCUSSION
TS is a pragmatic concept in which the accuracy of identification is balanced against the need for information (Ellis 1985) . It is of growing concern for impact assessment studies as it strongly increases the cost-effectiveness of fauna identification. The TS theory relies on the use of high taxonomic levels as one of the best proxies of community composition, e.g. to efficiently detect disturbances in community structure, without crucial loss of information. Indeed, according to Warwick (1988) , anthropogenic effects modify community composition at a higher taxonomic level than natural disturbances, influencing species replacement more than the proportion of taxa. In fact, as stress increases, the adaptability of first the individual, then the species, genus, family, class and phylum is exceeded (Ferraro & Cole 1990) . Following this observation, most of the studies conducted with temperate macrofauna showed that the family taxonomic level could be considered as a good predictor of community changes in response to anthropogenic disturbance (e.g. Ferraro & Cole 1990 , Olsgard et al. 1998 , Olsgard & Somerfield 2000 , Roach et al. 2001 , Gomez-Gesteira et al. 2003 , Thompson et al. 2003 , Guzman-Alvis & Carrasco 2005 , Terlizzi et al. 2009 ). Also, this theory is related to the data transformation which defines how different species constituting the community are taken into account. The present paper is the first attempt to apply the TS approach in the context of tropical marine invertebrates subjected to an anthropogenic perturbation, i.e. the harvesting of reef species. Quantitative data at species level on tropical reef macrofauna remain scarce, especially those that include all communities (i.e. hard-and soft-bottom habitats). In this context, the main goal of the present study was therefore to define the optimal taxonomic resolution and data transformation needed to (1) provide a good description of (local) reef flats benthic communities, and (2) detect changes between harvested and non-harvested invertebrate communities in 2 contrasted (hard vs. soft bottom) poorly known environments. The consequences of using high taxonomic resolution on the description of community and detection of these changes are also discussed.
Characterising reef invertebrate assemblages at different taxonomic resolution
The studied reef flat benthic communities were characterised by a higher number of species and individuals sampled in hard-bottom habitats than in soft ones, but with higher density and species richness in softbottom assemblages. Both habitats were dominated by mollusc species, which represented more than onethird and one-half of total abundance in soft-and hardbottom habitats, respectively. Harvested species represented almost 20% of the abundances in the community and so ideally, studies addressing the impacts of harvesting on tropical invertebrate communities might therefore encompass the whole assemblage (e.g. using the TS approach to increase cost-effectiveness), rather than focusing on a few preselected species. Nevertheless, these 2 habitats were represented by contrasted benthic communities which have only 17 common species, slightly less than 7% of total biodiversity. Taxonomic aggregation could thus be expected to have different effects on hard-and softbottom communities.
Considering the description of invertebrate assemblages, we showed that on the whole, taxonomic aggregation had different consequences in the 2 studied habitats: while correlations between the faunal matri- The boundary of distributions representing significant differences between harvested and non-harvested locations for a given taxonomic resolution and data transformation is matched by the grey area ces always decreased with higher taxonomic levels and the severity of data transformation, the decrease was generally much stronger for invertebrate assemblages from hard-bottom reef habitats. This is probably due to higher taxon decreases between each taxonomic resolution in hard-bottom habitats than in soft ones. Yet, correlations were always higher than 0.90 at genus and family levels. This is related to the poor number of species per genus and genera per family, which is one of the main requirements for an effective utilisation of the TS approach (Somerfield & Clarke 1995) . Thompson et al. (2003) considered that differences became blurred when correlations fell below 0.90 and results from 2nd stage MDS clearly emphasise the separation of species, genus and family matrices from class and phylum; working at family level thus appears to be a relevant surrogate of reef-community composition for the studied area. In both habitats, the practical benefits of working at coarser taxonomic resolutions include enhanced cost-benefits ratios, allowing sampling optimisations through additional replicates, control locations or periods (Thompson et al. 2003) . In poorly known, highly diverse ecosystems such as tropical reef flats, TS may therefore constitute an efficient, pragmatic approach suitable for a variety of studies addressing benthic invertebrates. For a rapid and efficient description of tropical intertidal assemblages when little information is available, family level can give a good picture of spatial patterns. Nevertheless, it should be kept in mind that assemblage knowledge at species level is a first key step before trying to define the optimal taxonomical level for routine monitoring studies (Terlizzi et al. 2003) . The TS approach is clearly efficient when species-level baseline studies have already been completed (Olsgard & Somerfield 2000) , and should always be cautiously framed within a given context (e.g. study objectives, sampling design).
Using TS to detect harvesting-related changes in tropical reef communities
The comparison of benthic communities showed different species composition between harvested and non- harvested and non-harvested locations for a given taxonomic resolution and data transformation is matched by the grey area harvested areas. Generally, taxonomic aggregation decreases the ability of ANOSIM to detect disturbance effects, by smoothing differences between impacted and control areas (Somerfield & Clarke 1995 , Lardicci & Rossi 1998 , Pagola-Carte et al. 2002 . In the same way, the present study showed that the MDS stress values usually decreased with lower taxonomic resolution. According to Somerfield & Clarke (1995) , this is due to the reduction of heterogeneity among species averaging harvest effects and inter-sample relationships. Despite these general trends, our results emphasised that differences in assemblage structure of harvested versus non-harvested stations were detected at different levels of taxonomic aggregation. In soft-bottom habitats, stations clearly differed at all taxonomic resolution as a consequence of very poor numbers of species per genus and of genera per family and to the homogeneity of invertebrate assemblages. Differences decreased with the severity of data transformations but were maintained from species to phylum. Combining taxonomic resolution, data transformation and correlations between matrices, we showed that family level in all data transformations gave good results for detecting differences between harvested and non-harvested assemblages in soft-bottom habitats.
In contrast, the separation between harvested and non-harvested areas was less clear in hard-bottom habitats. In the latter case, the effects of data transformation were higher than those of taxonomic resolution, consistent with Olsgard et al. (1997 Olsgard et al. ( , 1998 and Anderson et al. (2005) . While data transformation shifts the emphasis from common taxa to the entire community, it has major consequences for assemblages where most species are relatively rare (as in the present study). In this case, Field et al. (1982) suggest to use 4th root transformed data, which is equivalent to reducing abundance to a scale of 0 = absent, 1 = 1 individual, 2 = a few individuals, 3 = several individuals, 4 = abundant and ≥5 = very abundant (Clarke & Warwick 1994) . Indeed in the present study, using transformed (including 4th root transformed) rather than raw data yielded lower discrimination between group samples. Differences between harvested and nonharvested assemblages probably due to harvesting effects were hardly detectable at aggregation levels higher than species, suggesting that for specific habitats (i.e. hard-bottom in the present study), family level does not perform well as a species surrogate (Bowman & Bailey 1997 , Narayanaswamy et al. 2003 . This can be linked to the poor density and species richness of hard-bottom assemblages which constrain the detection of differences between sites to the lowest (i.e. species) taxonomic resolution. Working at a higher taxonomic level in this case can blur the evidence of changes related to the exploitation disturbance.
To conclude, the present study gives some recommendations about the characterisation of poorly known tropical invertebrate assemblages in the context of marine resources management. The family level seems to be a good descriptor of invertebrate community composition for tropical reef (hard-and soft-bottom) environments when assemblages are already known. Nevertheless, changes related to anthropogenic exploitation were only clearly evident at species level for hard-bottom communities. While these results emphasise that harvesting impacts were clearly habitatdependent, more work is still required in a wider array of environmental contexts to derive general recommendations for tropical, macrobenthic invertebrates. Now that this initial methodological step is achieved, expanding the spatial and temporal coverage of the present study will allow us to address the ecological implications of the observed alterations in invertebrate assemblages caused by harvesting activities. 
